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Abstract
Using a self-consistent delta-hole model the pion propagation in isospin asymmetric nuclear matter is studied. In
neutron-rich matter, corresponding to heavy nuclei, a significant difference in positive and negative pion light-cone
distributions is obtained leading to a nuclear enhancement of up antiquark distribution compared to the down antiquark one.
This means that the sea-quark asymmetry in the free nucleon cannot be extracted model independently from an experiment
on a neutron-rich nucleus. q 1999 Elsevier Science B.V. All rights reserved.
PACS: 21.65.q f; 24.85.qp; 13.40.-f
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1. Introduction
The meson-cloud model plays an important role
in dealing with non-perturbative Quantum Chromo-
dynamics effects in the nucleon. It has been used by
several groups to interpret momentum distributions
w xof sea quarks in the nucleon 1–5 , measured in deep
inelastic scattering. The standard approach is based
w xupon the Sullivan process 6 , in which the only
essential parameter is the cut-off in the pion-
nucleon-nucleon vertex.
Originally the emphasis was mainly on the de-
scription of the isoscalar uqd distributions. More
recently, since the observed violation of the Gottfried
sum rule, showing an excess of d over u in proton,
 .  .the interest focussed on the properties of u x yd x
in the nucleon, whose x dependence was measured
w xrecently 7 . The asymmetry in antiquark distribu-
tions has been interpreted mostly in terms of the
 w xpion-cloud model a review is given in Ref. 8 , see
w x.also 9 , and also in a soliton model in the large-Nc
w xlimit 10 .
Since pion properties are strongly affected by the
nuclear medium, the pion cloud plays also an impor-
tant role in modelling nuclear effects on deep inelas-
tic processes. It was used in the past in connection
w xwith the EMC effect 11–13 , leading to a few
percent enhancement of the structure-functions ratio
around xs0.2. Similarly, most approaches pre-
dicted a nuclear enhancement of the pion field and
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 .  .hence the u x and d x distributions, leading to a
 .noticeable increase in the predicted Drell-Yan DY
cross-section ratio. On the other hand experimentally
w xthe DY scattering on nuclear targets 14 did not
show much evidence for enhancement over nucleon
targets. Several papers have dealt with this discrep-
ancy, pointing out different mechanisms leading to
w xreconciliation with the measurements 4,5,15,16 .
For the purpose of presenting our results we find
it convenient to separate them into two aspects. The
calculation of experimentally measured proton-
nucleus to proton-deuteron DY cross-section ratio is
our first aim. The isospin asymmetric medium af-
fects the various isospin states of the nucleon’s pion
cloud differently, leading to an excess of up anti-
quarks over down ones even if the distributions in
.free proton are identical for nuclei with more neu-
trons than protons. Since the charges of up and down
quarks are different, the effect also shows up in the
nuclear DY scattering cross section. In addition to
presenting the DY ratio, one can also investigate
 .possible nuclear effects on the difference u x y
 .d x for a nucleon in the medium. It has been
pointed out by Kumano that in a neutron-excess
nucleus there could be medium effects contributing
to this difference, coming from flavor-asymmetric
parton recombination in the small Bjorken-x region
w x17 . The mechanism he considered contributes only
 .at relatively small x values x-0.1 and the effect
is also rather small 2–10% of the observed asym-
.metric sea in the nucleon .
In the present calculation we extend the effective
field theory approach to compute pion properties in
w xisospin-symmetric nuclear medium 18 to the case
of arbitrary proton and neutron densities. Then we
w xuse the pion-cloud model 16 to compute the
medium-modified quark and antiquark distributions
and the proton-nucleus DY cross section. We assume
that the medium effects solely originate from a mod-
ification of the pion cloud 1. The nucleons are treated
1 w xIt is known 19 that the pion and other mesons cloud cannot
account completely for the antiquark distribution of the nucleon.
For example, gluon splitting gives a sizable contribution at small
x and large Q2, but this contribution is approximately flavor
w xsymmetric 19 and thus should not modify our results signifi-
cantly.
in mean field approximation, while the delta-isobar
and the pion are dressed self-consistently. The ef-
fects of short-range baryon repulsion are included
X  X X X .through Migdal’s g parameters g , g , g .NN ND DD
Sensitivity of the pion distribution to the delta-hole
w xself-energy was already recognized in Ref. 11 , thus
we carried out the computation with the self-con-
sistently determined in-medium delta-isobar spectral
w xfunction 18 .
We compute the pion light-cone momentum dis-
tributions separately for the three charge states as a
function of the asymmetry parameter b’ Ny
. yZ rA. For b)0 the p distribution exceeds that of
p 0, which in turn is larger than the pq distribution,
as expected on the basis of particle-hole self-energy
relationships.
2. Drell-Yan cross section
The Drell-Yan cross section for the process pqA
q y  2“m m X is given by suppressing the Q depen-
.dence
4paK x , x .1 22 2d ss e q x q x .  . f f 1 f 29sx x1 2 f
qq x q x dx dx , 1 .  .  .f 1 f 2 1 2
where the sum is over all flavors, and x , x are the1 2
longitudinal momentum fractions carried by quark of
the beam and target nucleons, respectively. By a
suitable selection of kinematics the values of x , x1 2
w xcan be deduced from experiment 14 .
If we consider the region x )0.3 when the1
antiquarks in the projectile play a negligible role, the
ratio of the proton-nucleus to proton-deuteron DY
cross-sections takes on the form
2 ds pA u x qd x .  .  .Nr A 2 Nr A 2R ’ sA d A ds pd . u x qd x .  .p 2 p 2
u x yd x .  .Nr A 2 Nr A 2q f x , 2 .  .1
u x qd x .  .p 2 p 2
 .   .  ..   .where f x ’ 4u x y d x r 4u x q1 p 1 p 1 p 1
 ..d x is close to unity. Here u and d are anti-p 1 p p
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quark distributions in the free proton, while uNr A
and d are the antiquark distributions per nucleonNr A
in the nucleus, differing from the free-nucleon distri-
butions by the medium modified pion-cloud contri-
bution. Denoting the latter by d u and d d thep r A p r A
DY ratio becomes
1
R s1q d u x .A d p r A 2
u x qd x .  .p 2 p 2
qd d x q b f x d x yu x .  .  .  .p r A 2 1 p 2 p 2
q d u x yd d x rb . 3 .  .  .5 /p r A 2 p r A 2
We see from the above expression that apart from
nuclear effects, leading to nonzero d u andp r A
w xd d , for b/0 there is a nucleonic one 4 , stem-p r A
ming from the nonzero value of the antiquark-distri-
bution difference d yu in the free proton. Thisp p
underlines the necessity to use parton distributions in
accordance with latest d yu observations for dis-p p
.cussion on this point see Section IV . For the rela-
tively small asymmetries of interest for stable nuclei
 .the ratio d u yd d rb appearing in thep r A p r A
above expression is practically independent of b ,
leading to a linear dependence of R on it.A d
For the change of antiquark distributions due to
pion-cloud modification we use the convolution for-
w xmula 16
dyA a ap r A pd q x s d f y q xry , .  .  .Hf ,p r A b fyxa
p a .where d f y , given byb
1qb
a a ap p r n r A p r nd f y s f y y f y .  .  . .b 2
1yb
a ap r pr A p r pq f y y f y , .  . .2
4 .
represents the change of the pion light-cone-
momentum distribution per nucleon in the medium.
p a r n r A  p a r pr A. p a r n  p a r p.f f and f f denote the
a  .distribution of p per neutron proton in medium
and in free space, respectively. They are discussed in
the next section.
3. Pions in isospin asymmetric nuclear medium
We consider a model consisting of pions, nucle-
ons and delta-isobars in an infinite, spatially uniform
system at zero temperature. The proton and neutron
densities are given through their chemical potentials
m and m . The equilibrium conditions for nucleons,p n
delta-isobars and pions imply that the chemical po-
tential for the neutral pion is zero, while those of
charged pions are: m ysym qsm ym . The an-p p n p
tiparticles of nucleons and isobars are neglected, but
a relativistic kinematics is used. The nucleons are
further treated in the mean-field approximation, with
momentum-independent mass M yM , M y) p p ) n
.  .M and energy shifts c ,c modelling their bind-n p n
2 2 . (ing, i.e. E p s M qp qc for neutrons andn ) n n
2 2 .E p s M q p q c for protons. The(p ) p p
Schwinger-Dyson equations without vertex correc-
tions are then solved self-consistently for the delta-
w xisobar and pion 18 . The pion self-energy consists of
the particle-hole and delta-hole contributions, with
both imaginary and real parts taken into account,
assuring correct analytical properties. Short-range
baryon repulsion is taken into account through
Migdal’s gX , gX , gX parameters. The sum-rulesNN ND DD
for spectral functions of pions and deltas are checked
and found to be satisfied to 1–2%.
The pion light-cone momentum distributions are
then calculated, using the in-medium pion self-en-
ergy. Direct calculation of the diagrams correspond-
ing to the pion emitted by the in-medium nucleon
w xproceeds analogously to Ref. 16 , but separately for
the three charge states of the pion and taking into
account different neutron and proton densities and
thus different M , M effective masses and c ,c) p ) n p n
.energy shifts .
 .It is well known that f y can be expressed
compactly in terms of an integral over the spin-iso-
spin response function or imaginary part of the pion
propagator. It is also possible to compute it directly
w xfrom summing contributing diagrams 16 , which
represent emission of a dressed pion by a nucleon.
The latter procedure we prefer for numerical reasons,
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since it needs computation of the pion self-energy in
smaller energy-momentum region. The schematic ex-
pression for the pion light-cone distribution per nu-
cleon has the form
2 d3p d3pX
p r pr Af y s . H Hb 3 3 Xr 2p 2p 2 E p .  .  .
=
k 0 qk 3 2p< <d yy X k , .b /M
where Xp represents the sum of relevant diagrams,b
 .  X. Xr the nucleon density, k sE p yE p ,kspyp0
 X.  .and p p is the momentum of incoming outgoing
nucleon.
The full expression generalizing the case for
w x isospin-symmetric medium from 16 reads for the
q .special case of p on proton :
3 yg 2 Mq p NN )p r pr Af y s .b 32 2p p M .F p
=
2 2p p ypFp ( Fp 3dp p dpH H3 H H
yp 0Fp




˜< <qD k ,k , 5 .  .X p 0z
where p is the Fermi momentum of the proton, MF p
 .the nucleon’s mass, M ’ M qM r2, g) ) p ) n p NN
0  .the p NN coupling and F k the form factor,p NN
X
˜ qwhile u is the angle between p and p . D isH H p
the full pion propagator, corrected for the presence
of four-fermion couplings through Migdal’s gX pa-
˜
Xw xrameters, given as D in Ref. 16 , p sp N H min
 X  2 2 .1r2  X 2 . 2 .1r22 z M M qp y z q1 M if the) ) n F n ) p
argument of the square root is positive, otherwise is
X   . .zero, and z ’ yMyqp qE p yc rM . The3 n )
expression for py is obtained by swapping the
indices n and p and for neutral pions the total
distribution is a sum of two terms corresponding to
emission by proton or neutron.
The difference in distributions for the various
charge states of pion basically comes from two
factors. One is the Pauli blocking of the outgoing
nucleon, which in neutron-rich medium restricts
q emission of p from a proton, creating a neutron in
. y the final state more than the emission of p since
.a proton appears in this case in the final state . The
other effect is the dressing of the pion propagator, in
which the particle-hole and delta-hole self-energies
enter. Since the dominant contribution comes from
the particle-hole contribution for N)Z neutron
. ydensity larger than the proton one the p propaga-
q tor is affected more than the one of the p more
.details are given in the next section .
While the delta has been shown to play an impor-
tant role in the asymmetry for free nucleons, the
w xmedium effects are negligible 16 and not included
here, which is partially a consequence of the use of a
soft pion-nucleon-delta form-factor, as obtained from
w xa fit to pion-nucleon scattering 18 . Since the isobar’s
contribution for b/0 to d u yd d is of the oppo-p p
 .site sign compared to the contribution of Eq. 5 , as
discussed in the next section, at small x inclusion of
this term might result in a small decrease of the
calculated isospin-asymmetry effect.
4. Results and discussion
For numerical calculation we used the proton to
neutron ratio of tungsten, for which there are mea-
w xsurements of the DY cross section 14 . The asym-
metry parameter in this case is bs0.196 and for the
Fermi momenta of protons and neutrons we chose
p s238 MeV and p s272 MeV, correspondingF p F n
to total nucleon density slightly below the saturation
density. To take into account the different binding of
protons and neutrons for the energy shifts we take
c s40 MeV, c s42 MeV, with the common effec-p n
tive mass M sM s0.85 GeV, thus assuring the) n ) p
correct asymmetry energy of 28 MeV. For the pion-
nucleon-nucleon vertex we use a dipole form-factor
with cut-off Ls1 GeV. We checked that varying
the cut-off in the range 0.9–1.1 GeV does not change
appreciably the medium effect on the pion.
In Fig. 1 we present the pion light-cone-momen-
tum distributions for nucleons in medium and in free
 .space upper four curves , as well as the excess pion
 . q  y.distributions lower three curves . The p p
 .distributions are per proton neutron , while that of
p 0 is per average nucleon in the medium. The
neutral pions see little difference between an
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Fig. 1. Pion light-cone-momentum distributions. Full line is for
free nucleon, long dashed for pq, short-dashed for py, dot-dashed
for p 0, with gX s0.6, gX s gX s0.3. The three lower curvesNN ND DD
show the excess distributions with respect to the free nucleon.
isospin-symmetric and an isospin-asymmetric nu-
clear medium, as long as the total nucleon density is
the same actually, the different mean-field shifts for
.proton and neutron may lead to a very small effect .
However, for the case of neutron excess, the py
distribution per neutron is larger than the pq distri-
bution per proton. This comes from a difference in
particle-hole self energies, which is mainly responsi-
ble for the light-cone-momentum distributions. It is
easy to understand the difference if we look at the
imaginary part of the self energy as a function of
pion’s energy. If the energy is positive, the pion can
excite a neutron from the Fermi sea to become a
 .proton above the proton Fermi sea if its charge is
positive. A negative pion can make from a proton in
the Fermi sea a neutron above the neutron Fermi sea.
Since there are more neutrons than protons in the
Fermi sea, the absolute value of the imaginary part
of the pq self energy will be larger than that of py.
 .Bearing in mind that in expression 5 the pion
energy is negative for the dominating part of the
.integraton region and using the relation that
 .  .q yIm P v,k s Im P yv,k we arrive at the in-p p
pyr n r A . pqr pr A .equality f y ) f y , in accordance
with the numerical computation. We mention that for
the delta-hole self-energies the relationship between
the py and pq is the opposite to that of particle-hole
y one, i.e. for positive energy that of p is larger in
. qabsolute value than the self-energy of p ; a conse-
quence of different isospin factors in the pion-
nucleon-delta vertex. We see that for the studied
asymmetry there is a significant difference in the
distributions of three charge states. The distribution
in isospin symmetric medium is very close to the p 0
distribution.
The valence distribution of negative pions con-
tains up antiquarks and thus in neutron-rich matter
they outnumber the down antiquarks present in the
positive pions, due to nuclear effects on the pion
clouds. A comparison of this effect to the recently
w x  .  .measured 7 d x yu x difference for proton isp p
presented in Fig. 2. It shows the quantity d u yp r A
.  .d d rb compared to the mentioned d x yp r A p
 .  .u x , to which it is added in the expression 3 forp
 .the DY ratio R . The quantity d u yd d rbA d p r A p r A
does not change appreciably with b up to its value
of 0.2, but it is sensitive to the gX parameters.
Existing experimental and theoretical information
w x X15 suggests values of 0.55–0.7 for g and 0.3–0.4NN
for gX and gX . These values give results consis-ND DD
tent with observed DY scattering for the isospin-
w xsymmetric calculation 16 , and we use these values
also in the present case. Taking momentum depen-
X  w x.dent g parameters as suggested in Ref. 15 could
change the details of our results. Exploration of this
and other effects we leave for a future publication.
Fig. 2. The antiquark-distribution difference, d u yp r A
X.d d r b per nucleon in the medium. Full line is for g sp r A NN
0.6, gX s gX s0.3, dashed line for gX s0.5, gX s gX s0.3ND DD NN ND DD
and dash-dot line for gX s0.5, gX s gX s0.4. The dotted lineNN ND DD
shows d yu for comparison.p p
( )C.L. Korpa, A.E.L. DieperinkrPhysics Letters B 446 1999 15–2120
 .Fig. 3. DY cross-section ratio. Full dash-dot line is for asymmet-
X  X .ric nuclear medium with b s0.196 and g s0.6 g s0.5 ,NN NN
dotted line for symmetric matter with gX s0.6; in both casesNN
gX s gX s0.3. The dashed line is for b s0.196, but withoutND DD
w xnuclear pion effects. Experimental results from ref. 14 for W are
shown as points with error bars.
The free nucleon parton distributions are taken
w xfrom Ref. 20 . They fit the d yu and d ru ofp p p p
w xRef. 7 quite well up to xs0.15. However, at
larger x the measured difference d yu and espe-p p
w xcially the ratio d ru are poorly fitted 7 . Top p
correct for this discrepancy, which would cause a
significant increase in calculated R , we impose aA d
 .  . constraint d x su x for xG0.3 by using thep p
.arithmetic mean value and interpolate linearly be-
tween xs0.15, when the unmodified distributions
are used, and the point xs0.3. In this way, the
employed distributions fit the measurements of Ref.
w x7 very well. From Fig. 2 we see that the two terms,
 .whose sum appears in the square bracket of Eq. 3 ,
are of comparable magnitude, i.e. the nuclear effect
of the isovector part of the DY ratio plays as impor-
tant role as the nucleon antiquark asymmetry.
Since the squared charge of up antiquarks is four
times that of down antiquarks, the former enter in the
DY cross section with correspondingly larger weight.
This implies an enhancement of the DY cross-sec-
tion ratio for neutron-rich medium compared to the
isospin symmetric case. In Fig. 3 the ratio of cross-
 .sections per nucleon is shown as a function of x ,2
where both in the numerator and denominator inte-
gration over x is performed for x )x q0.2, cor-1 1 2
w xresponding to the experimental situation of Ref. 14 .
 .The full line dash-dot line corresponds to bs0.196
X  X .and g s0.6 g s0.5 , dotted line is for bs0,NN NN
while the dashed line is for asymmetric medium
 .bs0.196 , but without medium effect on the pion
w xcloud. Measurements from Ref. 14 for W are shown
as points with error bars. The errors are too large for
any definite statement to be made on the isospin-
asymmetry effect.
We mention that the difference for larger x2
values between the bs0 case of Fig. 3 in the
w xpresent work and Fig. 8 of Ref. 16 is a consequence
of the use of a more realistic dipole pion-nucleon-
nucleon form-factor in the present calculation, and to
a smaller extent due to a different set of parton
w xdistributions 20 .
We remark that the small pion excess probability
found in the present work would also lead to a pion
contribution to the EMC ratio for x;0.1 which is
w xsmaller than in some other approaches 13 . How-
ever, this ratio is mostly sensitive to the nucleon
self-energy in the medium and the role of pions is
difficult to isolate.
.We conclude: i a simultaneous experiment on a
neutron-rich nucleus and an NfZ nucleus with a
5% accuracy should in principle be able to isolate
the see up-down asymmetry term proportional to b
 .. .in Eq. 3 ; ii about 50% of the uyd difference in a
nucleus comes from nuclear effects. Therefore the
assumption that nuclear effects are negligible as in
w xRef. 4 cannot be justified.
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